We investigated the role of singlet oxygen (generated from photoactivation of rose bengal) on the calcium transport and Ca2'-ATPase activity of cardiac sarcoplasmic reticulum (SR).
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We investigated the role of singlet oxygen (generated from photoactivation of rose bengal) on the calcium transport and Ca2'-ATPase activity of cardiac sarcoplasmic reticulum (SR).
Isolated cardiac SR exposed to rose bengal (10 nM protected by histidine. The addition of dithiothreitol (5 mM) had a slight protective effect, showing that new disulfide bond formation was not a major cause of aggregation. The restilts were also confirmed by high-performance liquid chromatography of the SR exposed to irradiated rose bengal. Irradiation of rose bengal also caused an 18% loss of total sulfhydryl groups of SR. On the other hand, superoxide radical (generated from xanthine oxidase action on xanthine) and hydroxyl radical (in the presence of Fe3+-EDTA or 0.5 mM H202plus
Fe2'-EDTA) as well as H202 (0.25-12 mM) were without any effect on the 97,000-d Ca24-ATPase band of SR. Generation of radical species (superoxide and hydroxyl radical) from rose bengal was studied by electron paramagnetic resonance spectroscopy using the spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO The spin trapping studies of free radicals were performed by mixing rose bengal (100 nM) with 100 mM of the spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and illuminating for 10 minutes with light at a wavelength of 560 nm. Care was taken to compare singlet oxygen-mediated damage to that keep the DMPO solution covered to prevent light-induced degradation. The DMPO was purchased from Aldrich Chemical Co., Milwaukee, Wis., and further purified by filtration through charcoal. 26 Electron paramagnetic resonance spectra were recorded in flat cells at room temperature with an IBM-Bruker ER 300 spectrometer operating at X-band using 100 kHz modulation frequency and with TM 110 cavity. The microwave frequency and magnetic field were precisely measured using a microwave frequency counter (model 5342A, HewlettPackard Co., Palo Alto, Calif.) and Bruker ER 035M NMR Gaussmeter. Spectral simulations were performed using simulation programs that assume isotropic g and A tensors, written in either BASIC or ASYST as described previously.27 Isolation of Sarcoplasmic Reticulum Cardiac SR from dog left ventricle was isolated according to the method published previously28 with modifications. Briefly, the left ventricle was minced and homogenized in imidazole buffer and centrifuged at 4,000g for 20 minutes. The supernatant was saved and the pellet was again homogenized and centrifuged. The combined supernatants were filtered and centrifuged at 31,000g for 2 hours. The pellet was homogenized and layered on top of a discontinuous sucrose gradient and centrifuged overnight at 50 Because results from SDS gels depend heavily on the ability of proteins to stain with Coomassie brilliant blue, additional experiments were performed in which the SR exposed to singlet oxygen was subjected to gel filtration on a molecular sieve HPLC column. The protein concentration in the effluent was monitored by the optical density at 280 nm, and thus the assay did not involve the bias of Coomassie brilliant blue staining. Gel filtration chromatography was carried out essentially as described by Barrabin et al. 32 Samples of SR exposed to irradiated rose bengal with or without histidine were prepared by dissolving the protein in elution buffer containing 1% lithium dodecyl sulfate and 0.05 M lithium acetate, pH 4.5. The samples were filtered through 0.45-gm Millipore filters, and 20 ,ul of the filtered sample was injected into an HPLC system (Pharmacia LKB Biotechnology Inc., Piscataway, N.J.) equipped with a size exclusion column type TSK G 3000SW (Tojo Sada). The column was eluted with elution buffer at 0.5 ml/min at room temperature. The eluate was monitored for optical density at 280 nm using an LKB 2138 Uvicord S.
Determination of Thiol Groups
The sulfhydryl group oxidation of SR by singlet oxygen was determined using DTNB ( (Figure 1 ). The inhibition of calcium uptake was dependent on the intensity of illumination of rose bengal. As shown in Figure 2 , the maximum inhibition of calcium uptake was with rose bengal (10 nM) and 6,000 lux of light. Rose bengal or different intensities of light alone were without any significant effect on the calcium uptake. Similarly, Ca2+-ATPase activity was inhibited from 2.08±0.05 to 0.28±0.04 1,mol Pi/min . mg and was significantly protected by 1 and 10 mM histidine (p<0.01) (Figure 3 ). SOD or catalase was without significant protective effects (p>0.01). The inhibition of Ca2+-ATPase activity was also dependent on the intensity of illumination in the presence of rose bengal (Figure 4 ). In contrast, 30 minutes of incubation of SR with *02-or H202 generated from xanthine oxidase (0.05 units/ml) action on xanthine was without any significant (p>0.01) effect on either Ca2+ uptake or Ca2+-ATPase activity ( Figure 6 shows the time course of the effects of singlet oxygen (photoirradiated rose bengal) on the 97,000-d band of Ca2'-ATPase of cardiac SR. There was time-dependent disappearance of the Ca2-ATPase. Quantification of the bands by densitometry confirmed that there was significant loss of the band from 6 to 14 minutes after the exposure to irradiated singlet oxygen. Histidine (10 mM) significantly pro- Figure  7 ). Denaturing SDS-PAGE in the presence of urea35 revealed a similar pattern of aggregation for SR Ca'-ATPase exposed to irradiated rose bengal (not shown).
High-Performance Liquid Chromatography of Sarcoplasmic Reticulum Exposed to Irradiated Rose Bengal Because the results from the SDS gels depend heavily on the ability of proteins to stain with Coomassie brilliant blue, additional experiments were performed in which SR was subjected to gel filtration on a molecular sieve HPLC column after exposure to irradiated rose bengal. The protein concentration in the effluent was monitored by the optical density at 280 nm, and this does not involve the bias of Coomassie brilliant blue staining. The results are shown in Figure 8 . The peak marked 2 in Figure 8 was characterized by an M, of 116,000, was phosphorylated by [Jy-32PJATP, and has been shown to be Ca2-ATPase. 32 The height of this peak was not significantly different between control SR, rose bengal (nonirradiated), or light alone (without rose bengal) after 15 minutes. The height of peak 1 (dimer Ca2+-ATPase) was significantly increased at the expense of peak 2 (Ca2+-ATPase), which was reduced significantly after 6 and 15 minutes of exposure to irradiated rose bengal (Figure 8 ). Six minutes of exposure to irradiated rose bengal in the presence of 2 mM histidine had significant protective effect on peak 2, the Ca2+-ATPase.
These studies suggest that the damage to cardiac SR Ca2+-ATPase may be due to singlet oxygen because histidine (which is a powerful quenching agent for singlet oxygen) was protective.
Identification of Hydroxyl Radical by Spin Trapping
It has also been shown that irradiation of rose bengal generates about 75% singlet oxygen and 20% superoxide anion.36 However, it is not known whether the. OH radical is also formed by irradiation of rose bengal, which might have contributed to the damage caused by singlet oxygen. First, we could not detect 0O by SOD-inhibitable reduction of either cytochrome c or nitro blue tetrazolium by irradiated rose bengal (even for extended periods). Second, the generation of *0 anion and -OH radical was verified by electron paramagnetic resonance spectroscopy with DMPO as the spin trap. Figure 9A shows that irradiation of rose bengal formed a 1:2:2: 1 quartet, characteristic of the . OH radical DMPO spin adduct. 37 The addition of ethanol resulted in trapping of the ethoxy radical, further confirming the generation of . OH radical ( Figure  9B ). This signal could not be abolished by SOD, catalase, or histidine (10 mM) ( Figures 9E and 9F) . Incubation of DMPO with rose bengal without irradiation or irradiation of rose bengal without DMPO did not produce * OH radical ( Figures 9C and 9D) Fee2+-EDTA). Xanthine and xanthine oxidase were also without any effect on the 97,000-d Ca2'-ATPase band. Thus there was absolutely no effect of * 02 anion or * OH radical on Ca2+-ATPase of SR. H202 (0.25-10 mM) was also without any effect on Ca2+_
ATPase activity (Figure 11 ). Discussion The present results show that irradiation of rose bengal significantly inhibited Ca2+-ATPase and calcium uptake of isolated cardiac SR. The damage to SR function appears to be related to the oxidative modification of the Ca2+-ATPase enzyme. Singlet oxygen caused aggregation of the Ca2+-ATPase of SR as confirmed by disappearance of the 97,000-d Ca-2+ ATPase band on SDS-polyacrylamide gels of SR or conversion of the monomer 116,000 Ca2+-ATPase peak to the dimer peak as confirmed by HPLC and significant protection by histidine, the singlet oxygen scavenger. The functional damage of SR was independent of lipid peroxidation because there was no evidence of TBA reactive material formation. There was about an 18% decrease in thiol groups as indicated by decrease in absorbance at 412 nm. SDS-PAGE of SR in the presence of irradiated rose bengal showed a slight protective effect of dithiothreitol, proving that sulfhydryl group oxidation was not a major mechanism of enzyme damage ( Figure  7 ). The damage of cardiac SR appears to be due to singlet oxygen and not due to ' 02, H2O2, or OH radicals. This is further supported by the following observations: 1) * 02-anion generated from xanthine plus xanthine oxidase was without effect on either the inhibition of SR function (Table 1) or 97,000-d Ca2+-ATPase, proving this species to be harmless. 2) H2O2 in concentrations ranging from 0.5 to 12 mM was without any significant effect on the Ca2+-ATPase band but had a significant effect on the inhibition of the enzyme from 1 to 10 mM in a dose-dependent fashion as reported earlier.'( This inhibition of SR function was related to the oxidation of the sulfhydryl group (unpublished data) similar to other oxidants such as hypochlorous acid38 and not fragmentation or aggregation of enzyme. 3) Hydroxyl radical generated from xanthine plus xanthine oxidase in the presence of Fe3+-EDTA or H202 plus Fe2+-EDTA also did not have any effect on fragmentation and aggregation of the enzyme. The xanthine oxidase concentration used in these experiments was 0.05 units/ml, which generated over 0.1 gM * OH radical (J.L. Zweier, personal communication). Increasing xanthine oxidase up to 0.15 units/ml was also without any effect on the 97,000-d Ca2+-ATPase RETENTION TIME (MINUTES) Magnetic Field (Gauss) FIGURE 9. Electron paramagnetic resonance spectra of irradiated rose bengal in the presence of 100 mM DMPO. Microwave frequency, 9.489 GHz; microwave power, 10 It has been reported that the quenching of rose bengal by oxygen leads to the production of approximately 75% singlet oxygen and 20% *02-anion.36
Although the evidence for singlet oxygen production is conclusive, the formation of 0 02-or * OH radical by irradiation of rose bengal is in question. Using cytochrome c or the nitro blue tetrazolium reduction assay, we could not detect measurable amounts of ' 02-by irradiation of rose bengal. Also, spin trapping of irradiated rose bengal showed clearly the formation of DMPO-OH radical adduct and not d 02--DMPO adduct (Figure 9) Reperfusion injury in the heart is characterized by a unique histological picture with the formation of contraction bands in the contractile proteins and calcific granules within mitochondria as well as cell swelling and disruption of sarcoplasmic and mitochondrial membranes.49550 It has also been proposed that the sudden burst of oxidant stress may injure membrane proteins or lipids and this would lead to a perturbation of ionic balance and consequently instability. In support of this hypothesis, it has been shown that rose bengal photoactivation in the isolated perfused heart can lead to a redistribution of cellular calcium and to ultrastructural changes (contracture) that resemble those associated with severe injury during ischemia and reperfusion.20,51 These effects of oxidant stress were attributed to singlet oxygen since histidine, which quenches singlet oxygen, protected against electrophysiological changes and arrhythmias.20
Most studies have focused on * 02 H202, and v OH as mediators of injury and have considered them to be biologically relevant oxygen species. The other active oxygen species is singlet molecular oxygen, which is not a radical. Hydrogen peroxide is the least reactive form of oxygen, and OH radical is the most reactive.52 Singlet oxygen has been thought to be important only in photoreactions. But the sources that are known to produce *02 , H202, and OH during reperfusion injury in the heart may also produce singlet oxygen, although their quantitative significance remains uncertain at present. The following are the biochemical reactions that can theoretically generate singlet oxygen. For example, the myeloperoxidase/H20Jhalide system can produce singlet oxygen as follows: 
